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Abstract 
Carbon nanotubes (CNTs) are popular as the chosen reinforcement to achieve excellent 
mechanical and functional performance in aluminum matrix nanocomposites (AMNCs). 
However, the key bottleneck problems restrict the strengthening effect using CNTs in AMNCs 
due to the dispersion homogeneity of CNTs, the distinct differences in physical properties, poor 
wettability and interface bonding between CNTs and aluminum matrix. This study aims to 
address these key issues by introducing a continuous SiC nano layer synthesized from carbon-
silicon reaction, acting as a compatibility transition layer prior to mixing with aluminum powders. 
The results clearly show that the SiC cladding layer provides a good wettability and strong 
interfacial bonding between CNTs and aluminum matrix, and the interfacial reaction between 
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CNTs and aluminum matrix could be effectively regulated. It is also conducive to reducing the 
mass density difference and specific surface energy, improving the dispersion of CNTs in matrix. 
Those factors make a strong contribution to the strengthening effect of CNTs enforcement by 
achieving high load transfer efficiency. The AMNCs reinforced by this new CNTs/SiC 
composite powder show clear improvement of mechanical performance without compromising 
in ductility and electrical conductivity, as compared to AMNCs reinforced by only CNTs or SiC.  
1. Introduction  
Lightweight materials offer great advantages to tackle the energy crisis and environmental 
pollution by reducing the component weight but maintaining the strength. Among these 
lightweight materials, Al based nanocomposite have been extensively studied due to its great 
potential for good mechanical performance with relatively low cost [1-4]. Carbon nanotubes 
(CNTs) have shown excellent mechanical and functional characteristics such as extreme high 
strength, ultrahigh Young’s modulus, thermal and electrical properties, hence considered as an 
ideal reinforcing phase for composite materials [5, 6]. Actually, CNTs reinforced aluminum 
matrix nanocomposites (AMNCs) have already attracted wide attention because it offers a rout to 
achieve both excellent structural and functional properties, including low density, higher specific 
strength, low expansion coefficient, excellent thermal and electrical conductivity [7-10]. AMNCs 
show broad application prospects in the fields of aerospace, automotive and transportation, 
meeting the increasing demand for high-performance materials in engine parts, high-speed train 
brake system and a wide range of other key industrial components [11, 12]. 
Great efforts have been made to improve the properties of AMNCs by utilizing the super-
high strength and good conductivity of CNTs as an enforcement. In particular, significant 
progress has been made in improving their mechanical performance [13-15]. It was reported that 
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the tensile strengths of CNTs reinforced AMNCs were effectively improved (to be over 200 
MPa), but the high strength was achieved at the expense of ductility (reduce to less than 6%) and 
other functional properties [9, 16]. The performance of AMNCs strongly depends on the 
distribution of CNTs in Al matrix, but the mass density difference makes CNTs difficult to 
disperse uniformly [17-19]. CNTs tend to agglomerate due to the large Van der Waals force 
which caused by its small size, and lead to poor compatibility in metals. The agglomeration trend 
of CNTs is associated with specific surface energy, surface tension and the characteristics of the 
complex interface bonding and the wettability between CNTs and Al matrix [20, 21]. Among 
these factors, the poor wettability needs be addressed primarily, due to the distinct differences in 
physical properties between CNTs and Al [22-24]. In previous studies, it was suggested that 
introducing an Al4C3 interlayer via reaction between CNTs-Al could improve the wettability 
between CNTs and Al matrix, but this interlayer should be well designed and elaborated. 
Interface layer without carefully optimization could easily cause Al4C3 unstable and hydrolyzed: 
superabundant Al4C3 formed in AMNCs will compromise the mechanical performance by 
causing severe failure during service [25-27]. In summary, poor wettability, homogeneity, 
interfacial bonding and unstable interface are considered as the main factors limiting the 
applications of CNTs in AMNCs. In order to address these problems, it is necessary to regulate 
the interface: one possible solution is to introduce cladding suitable transient layer on CNTs 
surface, which can wet both CNTs and Al matrix, hinder interfacial reaction and reduce the gap 
of the mass density between CNTs and Al. 
SiC has been studied as a promising candidate for the transition layer, showing good 
wettability with Al matrix [25, 28]. It was also found that SiC can stably exist in the process of 
preparing AMNCs by powder metallurgy [26], implying that a SiC transition layer can improve 
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wettability between CNTs and Al matrix as a transition layer. At the same time, SiC transition 
layer can prevent the direct contact between CNTs and Al matrix, hindering the adversely 
interfacial reaction; and it can also enhance the interfacial bonding by the formation of a covalent 
SiC bond [29]. In addition, the gap of mass density between CNTs and Al can be reduced by the 
heavier SiC decorating layer on the surface of CNTs, improving the dispersion homogeneity of 
CNTs in Al matrix [30]. However, the morphologies and structures of SiC layer are difficult to be 
effectively controlled: the SiC layer is prone to adhesion due to the transition reaction and it is 
still a challenge to obtain the composite phase with integrated structure and uniform dispersion 
[28-30]. These bottlenecks should be further studied then regulated to achieve high performance 
of CNTs reinforced AMNCs with good repeatability.  
Few researches have documented improvement in interfacial wettability by SiC, enhancing 
the strengthening effect in CNTs reinforced AMNCs. T. Laha et al. investigated the wetting 
behavior and the interface between the hypereutectic Al-Si alloy and the MWCNTs in composite 
by thermal spray, and the formation of an ultrathin β-SiC reaction layer was found to be 
responsible for improving the wetting kinetics [29]. K.P. So coated SiC on the CNTs surface 
through a three-step process to improve the wettability of CNTs during Al melting [31]. The 
methodology presented in this study show significant overall improvement as compared to the 
previously reported results, benefitting from the good affinity and reactivity between silicon and 
CNTs. Based on the detailed interface study, we have demonstrated that through the proportion 
design and control of processing parameters, a continuous nano-SiC transition layer with 
controllable thickness was directly synthesized on the outer wall of CNTs by one-step heat 
treatment through solid state reaction to regulate the interfacial characteristic prior to mixing 
with Al powder in an innovative way. Thus, it can act as a good compatibility and wettability 
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intermediate phase between CNTs and Al matrix, forming a better bonding for load transfer as 
well as other physical and chemical information transmission [32-33]. The effects of SiC
 
transition layer and its content on densification process, interfacial structure, mechanical and 
electrical properties of AMNCs will be discussed. 
2. Experimental procedures 
2.1 Synthesis of SiC-clad carbon nanotubes 
Near-spherical nano Si powders (Purity >99.9 wt.%, diameter ~30 nm) were selected as the 
raw materials to synthesize nano SiC layer on the outer walls of MWCNTs (diameter ~150 nm, 
length 10~50 µm, density 2.0 g/cm3). CNTs and Si powders were mixed by synchronized 
ultrasonic dispersion and mechanical stirring, while 1% polyvinyl pyrrolidone (PVP) was used as 
polymer surfactant to promote its uniform dispersion. The proportion of CNTs and Si powders 
was regulated to ensure the final volume ratio of CNTs to SiC equaling to 1:1 in as-obtained SiC-
clad CNTs (simplified as CNTs/SiC) powders. Then, CNTs-Si powder mixtures were heated 
inside a vacuum furnace for 1 hour at different temperatures in the range of 1000~1300 °C. 
2.2 Application of CNTs/SiC composite reinforcements in AMNCs 
The obtained CNTs/SiC composite powders were used as reinforcements to fabricated 
AMNCs. The schematic diagrams of preparation process of CNTs/ SiC composite powders and it 
reinforced AMNCs are shown in Figure 1. Planetary ball milling (200 rpm for 4 hours) was 
performed to mix Al powders and as-prepared CNTs/SiC powders with different content (0.25, 
0.5, 1.0 and 1.5% CNTs in volume fraction after reacted with Si) in argon gas condition. The 
powder mixtures were mixed with 2 wt.% ethanol which was used as process control agent, the 
ratio of ball to powders is 5:1 while the ZrO2 milling balls ratio of 10 mm to 5 mm is 4:1. Then, 
spark plasma sintering (SPS) was used to consolidate the powder mixtures (sintering at 630 °C 
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for 30 min with an applied pressure of 30 MPa in a vacuum of ~5 Pa). Finally, the as-sintered 
bulks were extruded into rods for tests at 400 °C with a reduction ratio of ~18 and a ram speed of 
3 mm/s in a flowing Ar atmosphere. As a comparison, AMNCs reinforced by CNTs or nano SiCp 
(Purity >99.9 wt.%, diameter ~30 nm) were also prepared following the same procedure. Near-
spherical nano-SiC powders are shown in the supplementary materials (Figure S1). In addition, 
pure Al was chosen as a reference material.  
 
Figure 1. Schematic diagrams of preparation process of CNTs/SiC composite powders and it 
reinforced aluminum matrix nanocomposites (AMNCs). 
2.3 Characterization of microstructure and evaluation of properties  
The morphologies of CNTs-Si powder mixtures and as-prepared CNTs/SiC powders were 
characterized by a field emission scanning electronic microscope (FESEM, Merlin Compact, 
ZEISS, Germany), while an EDS detector (INCA X-Max, Oxford, UK) was attached to the 
FESEM to observe the distribution of the elements. A transmission electronic microscope (TEM, 
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JEM-2010, JEOL, Japan) was used to reveal the details of the microstructure and interface of 
CNTs/SiC powders and it reinforced AMNCs. Chemical bonding state of CNTs and CNTs/SiC 
were investigated by X-ray photoelectron spectroscopy (XPS) (AXISULTRA, Kratos, UK). X-
ray diffraction (XRD-7000, SHIMADZU, Japan) was employed to confirm the phase 
compositions of the reinforcements and AMNCs with the scanning speed of 8°/min. The 
crystallographic structures of CNTs/SiC powders were tested by a microscopic laser Raman 
spectrometer (ARAMIS, HORIBA, Japan). Tensile tests were carried out in a universal testing 
machine (AGS-X, SHIMADZU, Japan), the strain rate chosen as 5 x 10-4 s-1. A portable eddy 
current tester (Sigma-2008B1, TIAN YAN, China) was used to detect the electrical 
conductivities of as-extruded materials. 
3. Results and discussion 
3.1 Morphologies of as-mixed CNTs-Si and CNTs/SiC composite powders 
Morphologies and corresponding EDS mappings of as-mixed CNTs-Si powder before and 
after heat treatment at 1200 °C are analyzed to confirm the formation of SiC layer on the surface 
of CNTs. Figure 2a clearly shows that nano Si powders were uniformly dispersed on CNTs 
surface after synchronized ultrasonic dispersion and mechanical stirring before heat treatment. 
Nano Si powders reacted with outer walls of CNTs and formed a nearly continuous SiC 
transition layer on the surface of CNTs during the heat treatment, observing from the rough 
surface, as shown in Figure 2b. Figures 2c-e show the microstructures with the corresponding 
EDS mappings of CNTs/SiC covering the similar area after heat treatment. It can be seen that a 
nano layer existing on the surface of rod-like CNTs structures. The rich carbon content areas 
present the shape of fibrous structures, corresponding to the raw CNTs. Meanwhile, high 
concentration map of element Si shows a similar pattern, revealing CNTs cladded by forming a 
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nano SiC layer. 
 
Figure 2. Scanning electrical microscope (SEM) images showing morphologies of powder 
mixtures. (a) CNTs-Si powder mixtures before heat treatment. (b, c) CNTs/SiC composite 
powders after heat treatment. (d, e) The corresponding EDS mapping showing the Carbon and Si 
distribution respectively covering the area in (c).  
3.2 Interface, phase composition and formation mechanism of CNTs/SiC powders 
TEM images with the corresponding selected area electron diffraction (SAED) pattern of 
CNTs/SiC powders after heat treatment at 1200 °C are shown in Figure 3. Meanwhile, more 
TEM micrographs of formed CNTs/SiC composite powders were indexed as supplementary 
material (Figure S2) to further support the results. It is obvious that SiC was synthesized on the 
surface of CNTs, while the majority of the internal parts of CNTs still maintained their original 
fibrous structure and component (Figures 3a-c and Figure S2). The interface between CNTs and 
SiC can be clearly observed through the high resolution TEM (HR-TEM, Figures 3d-e), where 
two different atom plane spaces (0.25 nm for area A2, A3 and A4, 0.34 nm for area A1 and A6 in 
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Figure 3d and 3e) on both sides of the interface are distinguished visibly, corresponding to the 
planes of (111) of SiC and (002) of CNTs, respectively [31, 34]. It confirms that area A5 in 
Figure 3e corresponding to CNTs-SiC junction region. The statistical thickness of SiC layer 
measured based on these experimental observations is 24.79 nm. Taking a simple assumption 
those CNTs rod-like structures covered by a nearly continuous SiC transition layer, the 
theoretical thickness of SiC layer with the volume ratio of CNTs to SiC as 1:1 is calculated to be 
25 nm, which is in excellent agreement with the measured thickness. By adding SiC transition 
layer, the theoretical density of CNTs/SiC composite powder was found to be 2.6 g/cm3, a 
significant increase compared to the density of CNTs (~2.0 g/cm3). The higher density of 
CNTs/SiC composite powder helps to reduce the specific gravity difference with Al matrix, 
promoting a uniform dispersion in Al matrix. Meanwhile, considering the cladding structure of 
CNTs/SiC composite reinforcement and the consumption of CNTs during the reaction procedure, 
multi-walled CNTs with large diameter were selected as raw materials at the beginning and 
CNTs were kept in excess state. The microstructures (Figure 2 and Figure 3) of CNTs/SiC 
display that the residual CNTs presents a diameter of about 100 nm, showing a small reduction 
as compared with the original CNTs. It was also indicated that the outer walls of CNTs were 
indeed consumed in the reaction process, but it still maintained a relatively complete structure 
and composition. Undoubtedly, the new combined structure (containing the SiC layer and 
residual CNTs) plays the key role in improving the mechanical performance of AMNCs, but it is 
hard to separate the individual strengthening contribution of CNTs and SiC layer.  
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Figure 3. Microstructures and interfaces of CNTs/SiC powders. (a-c) TEM images and 
corresponding SAED of CNTs/SiC powders after heat treatment at 1200 °C. (d-i) HR-TEM 
images of CNTs/SiC and the atom planes corresponding to areas A1-A2 in (d), areas A3-A6 in 
(e).  
The XRD patterns of CNTs-Si powder mixtures and CNTs/SiC powders after heat treatment 
at different temperatures in the range of 1000~1300 °C are shown in Figure 4. After heat 
treatment at 1000 °C, only the diffraction peaks of graphite and Si can be found in CNTs-Si 
powder mixtures. This suggests that there is no reaction yet between CNTs and Si at this 
temperature. The formation of SiC through interfacial reaction between CNTs and Si is detected 
when the temperature is above 1100 °C. The SiC diffraction peaks are detected at 35.7°, 60.1° 
and 72.0°, 41.5° and 75.7° corresponding to (111), (220), (311), (200) and (222) crystallographic 
planes of cubic β-SiC, respectively. Increasing the temperature further will assist this reaction, 
and nano Si powders are believed to be completely consumed by forming the SiC layer with the 
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outer walls of CNTs, evidenced by the strong SiC peaks appearing at 1200 °C and no residual 
diffraction peaks of Si. This also agrees with the morphological results in Figure 2 and Figure 3, 
and the formation of SiC layer seems not compromise the structure and composition of the core 
of CNTs.  
 
Figure 4. X-ray diffraction (XRD) patterns of CNTs-Si powder mixtures and CNTs/SiC 
composite powders after heat treatment at four different temperatures 1000, 1100, 1200 and 
1300 °C.  
The XPS results of original CNTs and CNTs/SiC after 1200 °C heat treatment are shown in 
supplementary material (Figure S3) and Figure 5. The charge neutralizer was used to compensate 
for surface charge effects, and binding energies were calibrated using the C 1s hydrocarbon peak 
at 284.8 eV. Figure S1a shows that two primary XPS peaks are observed clearly in original 
CNTs, corresponding to the peaks of C 1s and O 1s, respectively. Five C 1s peaks are displayed 
in Figure S1b, with fitted peak values at about 280.8, 282.6, 284.3, 286.0 and 287.8 eV, 
corresponding to the sp
2
 and sp
3
 of C-C, C-O, C=O and O-C=O band respectively [35, 36]. 
Figure S1c shows a sub-peak of O 1s at about 528.6 eV, corresponding to the chemisorbed 
oxygen. Figure 5a reveals the XPS spectra of CNTs/SiC, C, Si and O band can be detected 
clearly after heat treatment. Besides the photoelectron peaks of C 1s (281.3, 283.1 and 285.0 eV 
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for sp2, sp3 and C-O band, respectively, Figure 5c) and O 1s (529.1 eV, Figure 5d), Si 2s and Si 
2p XPS peaks can also be identified. Two strong bands of Si 2p (Figure 5b) at about 97.9 and 
99.7 eV can be ascribed to the Si-C and Si-O band, which strongly indicates the formation of SiC 
[33, 35]. In addition, both C 1s and O 1s peaks have a 0.5 eV integral shift to high binding 
energy compare with raw CNTs, normally caused by the formation of new bonds and changes in 
the environment around atoms. It is believed that C=O and O-C=O band were completely 
destroyed, which implies that the reaction between CNTs and Si preferentially occurred at CNTs 
defects, because those area containing more active groups after acidizing treatment [33]. It can 
be concluded from the observation evidence that the composite structure of CNTs/SiC were 
synthesized on the surface of CNTs by the proposed method. 
 
Figure 5. (a) XPS results of CNTs/SiC reinforcement after 1200 °C heat treatment. (b, c, d) XPS 
pattern of Si 2p, C 1s and O 1s band respectively.  
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Figure 6 shows the variation of Gibbs free energy with temperature and schematic diagram 
of formation mechanism of SiC layer on CNTs surface synthesized from CNTs-silicon reaction. 
The reaction between CNTs and silicon is described below: 
C(s)+Si(s, l) =SiC(s)                                                              (1) 
Calculations according to Equation (1) confirm that the Gibbs free energy (∆G) of formation for 
SiC phase by solid-solid reaction (<1685 K) and solid-liquid reaction (>1685 K) between 
graphite and silicon are negative. This indicates that the SiC formation from CNTs-silicon 
reaction is thermodynamically favorit. It is believe that the formation of SiC begins at the active 
site on CNTs defects, and the solid state reaction mainly depends on the diffusion of carbon 
atoms through the interstitial sites and Si atoms by vacancy migration in regular silicon sites 
[29]. Thus, silicon and carbon atoms diffusion each other through the formed SiC layer, reaches 
the interface of carbon-silicon carbide and reacts to form a continuous β-SiC reaction layer [37]. 
However, the formation of SiC layer limits the further atom diffusion, as a result, SiC prefers to 
grow in the axial direction (parallel to CNTs axis) than the radial direction (vertical to CNTs 
axis) [29, 38]. Furthermore, the close-packed plane of β-SiC is {111} and its surface energy is 
the lowest, which is conducive to the directional preferential growth of SiC. This is confirmed by 
the HR-TEM micrographs (Figure 3d, Figure S2 and Figure 6): SiC can achieve <111> 
directional growth in the axial direction by stacking atoms on this plane to maintain minimum 
energy requirements.  
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Figure 6. Thermodynamic analysis results and schematic diagram of formation mechanism of 
SiC layer synthesized from carbon-silicon reaction. 
3.3 Analysis of phase composition of AMNCs 
After consolidating the CNTs/SiC-Al powder mixtures, the phase compositions were 
studied to analyze the interfacial reaction in AMNCs. XRD patterns of pure Al, CNTs reinforced 
AMNCs (CNTs-Al) and CNTs/SiC reinforced AMNCs (CNTs/SiC-Al) are shown in Figure 7. 
Graphite peak can be detected at 26.6° in CNTs-Al and CNTs/SiC-Al, and distinct Al4C3 peaks 
can only be found at about 31.7°, 40.2° and 55.1° in CNTs reinforced AMNCs. Slight SiC 
diffraction peaks are detected at 35.7°, 60.1° and 72.0°, corresponding to (111), (220) and (311) 
crystallographic planes of β-SiC, respectively [39, 40]. This result implies that SiC remains as a 
transition layer on CNTs surface in AMNCs preventing the formation of Al4C3 phase. 
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Figure 7. XRD patterns of pure Al, CNTs and CNTs/SiC reinforced AMNCs.  
The Raman spectra obtained from the area of primary particle boundaries and CNTs clusters 
in AMNCs are shown in Figure 8. Strong Al4C3 peaks can be found at 485 cm
-1 and 855 cm-1 in 
CNTs reinforced AMNCs [41], confirming the interfacial reaction between CNTs and Al matrix 
during consolidation. The Raman results obtained from CNTs/SiC reinforced AMNCs also show 
no-existence of Al4C3 reaction phase, and SiC peaks were found at 796 cm
-1
 and 972 cm
-1
. 
Furthermore, Raman peaks of CNTs still survive at 1344 cm
-1
 and 1576 cm
-1
 in CNTs/SiC 
reinforced AMNCs, indicating that Si reacted with the outer walls of CNTs, and the core still 
maintained its original structure and composition (also see Figure 2). These results indicate that, 
as a transition layer, SiC formed on the surface of CNTs effectively regulates the interfacial 
reaction, which hinders the generation of easily hydrolyzed brittle phase Al4C3. Moreover, the 
SiC transition layer provides a stronger interfacial bonding between CNTs and Al matrix by the 
formation of a covalent Si-C bond, advantaging to the CNTs strengthening effect by achieving 
high load transfer efficiency [42, 43]. 
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Figure 8.  Raman spectra of CNTs or CNTs/SiC reinforced AMNCs. 
3.4 Microstructure and interface of AMNCs 
The interfacial structure of CNTs/SiC/Al was observed to evaluate the effect of SiC on the 
interfacial reaction and bonding between CNTs and Al matrix. Figures 9a-c show TEM images 
with corresponding SAED of 1.0CNTs-Al. It can be seen that there is an obvious interface 
reaction layer between CNTs and Al matrix. The corresponding SAED patterns (Diff. 1 and Diff. 
2) also suggest that Al4C3 layer is formed through the interfacial reaction. Combining the results 
of XRD pattern and Raman spectra, it can be preliminarily concluded that the interface product 
(Al4C3) is formed in CNTs reinforced AMNCs, but the inner walls of CNTs still maintain its 
original structure and component. CNTs/SiC reinforcements are dispersed individually in 
AMNCs as observed from the bright field (BF, Figure 9d) and dark field image (DF, Figure 9e). 
Magnifying image (Figure 9f) shows that CNTs/SiC displays the hollow rod-like microstructure 
in AMNCs which resembles to its composite powder, and SiC acts as a transition layer on the 
surface of CNTs. HR-TEM images (Figures 9g-h) show the biphasic interfaces between CNTs-
SiC and SiC-Al. The atom planes (002) (0.36 nm) of CNTs, (111) (0.25 nm) of SiC and (111) 
(0.23 nm) of Al of the different districts in Figure 9h are observed. The phases of different areas 
in Figure 9h are identified by SAED (Diff. 3 and Diff. 4). Diffraction spots of CNTs and SiC are 
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confirmed, and no interfacial reaction phase is found. These results provide further evidence that 
CNTs/SiC reinforcements fundamentally inhibit the Al4C3 formation in AMNCs.  
 
Figure 9. TEM images with the corresponding SAED of CNTs-Al and 1.0CNTs/SiC-Al. (a) A 
bright TEM image of 1.0CNTs-Al. (b, c) SAED patterns of area Diff.1 and Diff.2 in (a). (d-g) 
Bright and dark TEM image of 1.0CNTs/SiC-Al. (h) HR-TEM image in (g). (i-j) Corresponding 
SAED to image (h).  
3.5 Strengthening effect of CNTs/SiC in AMNCs  
Table 1 
Summary of mechanical and electrical performance of pure Al and various AMNCs (enhanced 
by CNTs, SiC and CNTs/SiC)   
Materials Relative  density/% YS/MPa UTS/MPa 
Elongation 
/% 
Conductivity 
/IACS% 
Pure Al 99.88 106.2 127.1(±2.1) 29.8 58.0 
0.25CNTs-Al 99.41 133.4 163.5(±1.5) 19.5 54.4 
0.5CNTs-Al 99.57 121.3 152.7(±3.3) 18.3 52.3 
18 
The mechanical tests of pure Al and AMNCs were carried out to evaluate the strengthening 
effect of the reinforcement. The corresponding test results are summarized in table 1. The stress-
strain curves of AMNCs containing 1.0 vol.% reinforcements (CNTs, SiC or CNTs/SiC) are 
shown in Figure 10a. The yield strength (YS) and ultimate tensile strength (UTS) of 1.0CNTs 
reinforced AMNCs were measured as 110 MPa and 148 MPa, respectively. However, its 
elongation decreases to 16.2%. The strength of 1.0SiC reinforced AMNCs reaches 157 MPa in 
UTS in combination with a good elongation (29.7%). This can be attributed to the reasons, i.e. 
Nano SiC hardly splits and reduces the continuity and flexibility of the matrix structure [44]; SiC 
particle is easy to cooperate with matrix plastic deformation duo to the small size, which can 
greatly reduce the probability of premature failure of composites at large size reinforced particles 
[45, 46]; in the process of tension, the stress concentration produced by near spherical particles is 
less than that of the particles with larger aspect ratio, it may effectively reduce the initiation and 
propagation of cracks caused by stress concentration. Therefore, nano SiC particle is very 
unfavorable to the elongation [47], preserving the good ductility of Al matrix. It is clear that 
1.0CNTs/SiC reinforced AMNCs shows further improved synthetically mechanical properties: 
YS and UTS reach 161 MPa and 199 MPa respectively, 41.5% and 55.9% stronger than pure Al 
respectively (106 MPa for YS and 127 MPa for UTS). The improvement in strength is mainly 
attributed to the effectively load transfer to CNTs by the strong interfacial bonding between 
1.0CNTs-Al 99.43 108.3 148.3(±1.0) 16.2 51.9 
1.5CNTs-Al 99.28 103.9 138.3(±1.2) 15.2 45.9 
0.25SiC-Al 99.86 131.8 158.6(±1.7) 28.0 57.2 
0.5SiC-Al 99.79 131.2 157.7(±1.6) 28.5 54.1 
1.0SiC-Al 99.63 132.0 157.0(±2.5) 29.7 53.9 
1.5SiC-Al 99.72 129.5 155.0(±2.1) 25.6 52.0 
0.25CNTs/SiC-Al 99.85 125.7 176.6(±1.5) 25.3 54.6 
0.5CNTs/SiC-Al 99.46 122.3 181.2(±3.2) 19.5 53.6 
1.0CNTs/SiC-Al 99.78 161.1 198.8(±2.4) 19.0 52.4 
1.5CNTs/SiC-Al 99.42 120.1 173.5(±3.7) 17.6 50.6 
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CNTs/SiC and Al matrix [48]. In addition, the existence of SiC layer effectively inhibits the 
interfacial reaction, and further improves the mechanical properties and structural stabilities of 
AMNCs without reducing their ductility significantly compared with CNTs reinforced AMNCs, 
[26, 49], as shown in Figure 10b and 10c. Table 1 and Figure 10b also show that the strengths of 
CNTs/SiC reinforced AMNCs increase constantly when the increase of CNTs content (except the 
sample of 1.5 vol.%), while the performance of CNTs reinforced AMNCs and SiC reinforced 
AMNCs decline or stay the same level with the increase of the reinforcements content.  
 
Figure 10. The stress-strain curves and mechanical properties of AMNCs. (a) Stress-strain 
curves of pure Al and AMNCs with 1.0vol% reinforcement (CNTs, nano SiC or CNTs/SiC). (b) 
Strength of various AMNCs. (c-d) Elongation curves of various AMNCs. 
At the end of tensile test, the fracture surfaces of CNTs reinforced AMNCs are shown in 
Figure 11a and b. A large number of dimples appear in the fracture, proving the ductile fracture 
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in Al matrix. However, in addition to the fractured CNTs distribute in Al matrix dimples, a small 
amount of CNTs clusters (denoted as CNT ①) are pulled out directly from the Al matrix, i.e., 
they are debonded with the matrix because of the weak interfacial bonding. It implies that 
the agglomeration of CNTs fails to transfer load from matrix to CNTs, and also could lead to 
defects during loading, causing premature failure of materials. Figure 11c shows the 
corresponding failure diagram of CNTs in Al matrix. The ruptured and non-debonding CNTs/SiC 
tensile fractures are observed on the fracture surface of AMNCs reinforced with CNTs/SiC 
(Figure 11d and 11e), matching the expected uniform dispersion. This also corroborates our 
initial expectation that the SiC cladding layer is conducive to reducing the mass density 
difference and specific surface energy, improving the dispersion of CNTs in matrix. The peeled 
CNTs/SiC (denoted as CNTs/SiC ② and ③) and a tearing CNTs/SiC (denoted as CNTs/SiC ④) 
are also observed, as shown in Figure 11e. CNTs/SiC ② and ③ show one-time peeling 
morphology with a clear transition slope. And it is accompanied by a significant change in 
diameter as an arrow indicated in Figure 11e. The morphology schemes of the peeling of 
CNTs/SiC are shown in Figure 11f. The breaking and interlaminar peeling of CNTs/SiC indicates 
a good interface bonding between reinforcements and Al matrix. A large number of well-
distributed dimples also support the ductile fracture. It suggests that the interface between 
CNTs/SiC and Al matrix is firmly bonded, improving load transfer from the matrix to 
reinforcements. As reported, the contact angle is used to estimate the wettability and bonding 
between the reinforcement and matrix which defined by a sessile drop method [50]. More details 
are included in supplementary material. In So’s study [31], Al droplets were dropped on the 
surface of CNTs and CNTs/SiC pellet to test the contact angle. The average contact angle of Al 
droplet and CNTs (145.8°) is larger than that of Al droplet and CNTs/SiC (134.6°) [25, 51]. The 
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interfacial bonding force was reflected by the work of adhesion (Пa) of Al liquid and 
reinforcement according to Young-Dupre equation [52] 
Пa =γlv(1+cosθ)                                                          (2) 
Where γlv is the specific energy of liquid-vapor interface (≈850 mJ/m
2
) [53]. The values of Пa are 
estimated to 200 mJ/m
2
 for CNTs and 1300 mJ/m
2
 for CNTs/SiC at 1100 K [25], respectively. It 
indicates that the improvements of wettability and interface bonding between CNTs and Al 
matrix are attributed to the covalent bonding from the introduction of nano SiC transition layer 
on CNTs surface, which is favorable for improving the efficiency of load transfer from Al matrix 
to CNTs. For instance, the strong interfacial bonding also provides a good ductility as shown in 
Figure 10c by transferring the load from matrix to reinforcements. 
 
Figure 11. The fracture surfaces and the failure diagrams of CNTs, CNTs/SiC reinforced 
AMNCs. (a, b) The fracture surfaces of CNTs reinforced AMNCs with 1.0vol% reinforcement. 
(c) CNTs failure diagram corresponding to (a) and (b). (d, e) The fracture surfaces of 
1.0CNTs/SiC reinforced AMNCs. (f) CNTs/SiC failure diagram corresponding to (d) and (e). 
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A summary of the measured of electrical conductivity data from different AMNCs enhanced 
by various reinforcements (CNTs, SiC or CNTs/SiC) at different volume fractions (0.25, 0.5, 1.0 
and 1.5 vol.%) is shown in Figure 12 and Table 1. It can be seen that the overall trend of 
conductivity of AMNCs decreases gradually with the increase of the content of reinforcement 
due to the more scattering of electrons by the interface [54], especially for the CNTs reinforced 
AMNCs. This mainly related to the poor interface bonding, the aggregation of CNTs and the 
formation of Al4C3 in Al matrix. Nano SiC reinforced AMNs show relatively better conductivity, 
even close to pure Al (58.0 %IACS), due to the good wettability and interface bonding between 
SiC and Al matrix. In addition, nano-scale SiC particles will not split and reduce the continuity 
of the matrix structure, thus the good conductivity of metal Al can be well preserved. After 
cladding the nano SiC layer on the surface of CNTs, the wettability and interface bonding is 
improved and the dispersion of CNTs is promoted by reducing the specific mass difference and 
specific surface energy at the same time [26, 54]. Therefore, AMNCs reinforced with CNTs/SiC 
show an intermediate conductivity in comparison with CNTs or SiC reinforced AMNCs in the 
same content of reinforcements. Nevertheless the conductivity values of CNTs/SiC reinforced 
AMNCs can be maintained above 50%IACS. 
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Figure 12. The electrical conductivity of AMNCs reinforced with various reinforcement  (CNTs, 
nano SiC or CNTs/SiC) at different volume fractions  (0.25, 0.5, 1.0 and 1.5 vol.%). 
In summary, nano SiC transition layer was synthesized from the reaction between CNTs and 
nano Si. It was proved that the thickness and structure of CNTs/SiC composite reinforcement can 
be designed and controllably prepared. As a compatibility nano transition layer, SiC-clad CNTs 
improve the wettability and interfacial bonding between the reinforcement and matrix, which 
is favorable to reduce the agglomeration trend of CNTs caused by Van der Waals force and 
regulate the adverse interfacial reaction. As the reinforcement content increases, the performance 
of CNTs/SiC reinforced AMNCs increases first and then decreases when the CNTs/SiC content 
exceed 1.0 vol.%, while the mechanical properties of AMNCs enhanced with CNTs decline 
constantly. The ductility and electrical conductivity of CNTs/SiC-Al are also improved in 
comparison with CNTs-Al in the same reinforcement content. Meanwhile, the strengthening 
mechanism of CNTs reinforced metal matrix composites has been investigated in previous 
studies and the results show that the strengthening effect of AMNCs is mainly contributed to 
impactful load transfer from matrix to CNTs, which is closely related to the firm interfacial 
bonding between CNTs and matrix [55-58]. The major compound of CNTs survived after 
reacting with Si powder which observed from the micrographs (Figure S2 and Figure 3). CNTs 
still presents the primitive fibrous structures. Moreover, the characteristic of the fracture surfaces 
of CNTs/SiC reinforced AMNCs shows interlaminar peeling morphology with a clear transition 
slope (see Figures 11e-f), further supporting the argument that the improvement in strength is 
mainly attributed to the effectively load transfer to CNTs by the strong interfacial bonding 
between CNTs/SiC and Al matrix. In additional, the movement of the dislocation when plastic 
deformation occurs in Al matrix can be hindered by nano CNTs/SiC composite reinforcements. 
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Generally, the mechanical properties of CNTs/SiC reinforced AMNCs are further improved 
without reducing its ductility. There is a slight reduction of electrical conductivity, but still a 
significant improvement when compared to CNTs only reinforced AMNCs. 
4. Conclusions 
The proposed methods in this study and fundamental understanding show the ability to 
design and improve the characterization of CNTs/SiC reinforced AMNCs by controlling the SiC 
transition layer. SiC was synthesized from carbon-silicon reaction as a compatibility transition 
layer on the surface of CNTs prior to mixing with Al powders. The actual thickness (24.79 nm) 
of formed SiC cladding layer is very close to its theoretical calculation (25 nm). It is found that 
the existence of SiC layer effectively regulates the interfacial reaction between CNTs and Al 
matrix, which hinders the generation of easily hydrolyzed Al4C3 phase. In addition, the SiC 
transition layer reduces the specific surface energy and the gap of mass density between CNTs 
and matrix. The results reported in this study suggest the interfacial bonding between CNTs and 
Al matrix make strong contribution to the strengthening effect of CNTs by achieving high load 
transfer efficiency. Comparing with CNTs or nano SiC reinforced AMNCs, CNTs/SiC reinforced 
AMNCs show remarkably better mechanical properties. In addition, the ductility and 
conductivity of CNTs/SiC enhanced AMNCs are also maintained at a reasonable high level. 
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Appendix A. Supplementary material 
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of raw CNTs (Figure S3); more details about the estimation of the wettability and interfacial 
bonding between the reinforcement and matrix.  
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